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ABSTRACT
Planetary Systems Corporation (PSC) developed the Canisterized Satellite Dispenser (CSD) to provide a more secure
and predictable deployment system for CubeSats of different sizes. The CSD is designed to provide predictable and
consistent payload deployment performance. Though the CSD has proven its safety and reliability, there is still not
enough data required to predict accurately CSD linear and angular deployment rates. In the first phase of research,
various computer models were developed and tuned in order to compare their predictions with respect to experimental
in-lab deployments, and to understand better the deployment dynamics and the variables that affect performance. The
next phase of research currently underway involves further investigation into the perturbations encountered during lab
experiments, execute further tuning of the computer model, as well as preparing to validate lab data with micro-gravity
experiments conducted at NASA Glenn Research Center's Zero-G Facility drop towers.
INTRODUCTION

Background

Planetary Systems Corporation’s (PSC) Canisterized
Satellite Dispenser (CSD) was developed to advance
CubeSat
technologies.
To
test
deployment
characteristics, PSC conducted deployment tests in
microgravity via NASA’s C-9 “Vomit Comet.”1
Unfortunately, PSC was unable to fully characterize
linear and angular rates during deployment operations.
With interest in the CSD from high profile customers,
such as NASA, it was determined that a greater degree
of characterization and tests were needed for the US
Government. This can be done through isolating each
facet of CSD deployment, as well as overall system
deployment. These approaches can allow a more resolute
understanding of CSD ejection performance in order to
predict performance, and reduce mission risk.

The CubeSat was created by California Polytechnic State
University (Cal Poly) in 1999 to enable academia to
conduct space exploration and science. The baseline
CubeSat (designated 1U) is a 10 cm3 cube (1L in
volume), with a maximum mass of 1.33 kg. Subsequent
CubeSat configurations in 2, 3, and 6U sizes were
developed by arranging 1U stacks in standard
configurations. Recently, a 12U chassis was developed,
and the development of a 27U CubeSat is in work3.
In general, launch vehicles are primarily configured to
accommodate a single primary payload. To have
secondary payloads, such as CubeSat, launch vehicles
need unique interfaces to integrate and deploy these
payloads. The earliest dispensing devices available to
most CubeSat developers included Cal Poly’s Picosatellite Orbital Deployer (P-POD), Innovative Solutions
in Space (ISIS) Pico-satellite Orbital Deployer
(ISIPOD), and other similar designs. These deployers
use one or more large coil springs attached to a pushplate to eject their payloads (Figure 2).

Figure 1: PSC Depiction of the CSD Deploying a
CubeSat2
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Figure 2: CAD Model of P-POD (left) and an
Internal View of P-POD (right)4
These coil-spring deployers, though simple, are
subjected to Hooke’s Law, which by nature results in
non-uniform deployment force profile that degrades
over distance. Moreover, these types of deployers may
also transfer forces out of line with the CubeSat’s
center of mass, which may apply a torque on the
payload3. Overall, these deployers also require very
tight payload fit tolerances up to +/- 0.1 mm of gap
between payload and deployer. The issue with this is
that a CubeSat can misalign during launch sequence, as
well as something as simple as an improperly torque
screw can break this 0.1 mm tolerance4.

Figure 4: 6U CSD-Compatible Chassis7
To combat the issues surrounding guide rails, the CSD
employs two clampdown guide rails. A CSD payload
has two tabs running along the payload chassis sides,
and these tabs interface with these two guide rails that
provide a lateral channel to guide the payload during
ejection. Moreover, the guide rails restrain the payload
during a launch ascent phase by clamping down on the
payload, where closing the CSD door automatically
causes the rails to clamp down on the payload tabs3.

To combat uneven deployment forces and the four
cumbersome guide rails encountered with P-PODs and
ISIPODs, PSC created the CSD. To address the issues
of coil springs, the CSD employs the use of constant
force springs (i.e. a wound steel band, like a tape
measure or a watch), which do not obey Hooke’s law
and thus applies a more consistent deployment force
profile. The springs are attached to a push plate, which
propel the payload during ejection. In order to ensure
the deployment force from the push plate is applied
through the payload’s center of mass, PSC mandates
that the payload have at least three points that fully
contact the push plate, and that these points envelope
the payload’s center of mass. Proper enveloping and
maintaining full contact by the contact points helps
avoid/reduce induced moments during ejection5.

Figure 5: CSD Guide Rail with Features
Initial PSC Qualification Tests
As part of qualifications, PSC conducted four days of
deployment experiments on the NASA C-9 “Vomit
Comet” in order to quantify ejection velocities and
rotation rates (for 3U and 6U CSDs) in a simulated
microgravity environment. During these tests, the CSD
would deploy a payload with a maximum mass rating for
each configuration (6 kg for 3U, and 12 kg for 6U)2. Each
payload had three contact points enveloping their
respective center of mass, and each had an inertial
measurement unit (IMU) running at 50 Hz to capture
motion data8.
After analyzing IMU data, PSC researchers found that
CSD payloads experienced deployment rotation rates 12 orders of magnitude lower than other dispensers1. This
conclusion was made when comparing this data against
missions such as the SwissCube mission, which was
deployed by a P-POD in 20099. The SwissCube team
from the Swiss Space Center reported an initial angular
norm speed of over 600o/s, and required almost 500 days

Figure 3: Contact Feet on the Pumpkin
SUPERNOVA 6U CubeSat6
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to bring norm angular rates down to 1-10 o/s due to
magneto torque issues10.
Despite this, PSC encountered multiple sources of error,
primarily that the C-9 induces rates of rotation (~6o/s)
not present in spaceflight. These initial induced rates
yield higher measured angular rates after payload
deployment. These couplings of pre and post rates are
subsequently shown in Figure 6.

Figure 7. 3U Separation Results2

Figure 6: 6U CubeSat Payload Rotation Rates
Coupled with Rotation from C-91
There were also issues with their test setup. There was
noted bias and drift in the IMU data and created
significant error in measurements. In addition, the frame
used to secure the CSD was not stiff enough to the point
that when the CSD door opened, oscillations/vibrations
were produced. The C-9 also required PSC to acclimate
to the flight profile, which resulted in missing 24 out of
160 available (40 per day) dispensing opportunities.
Misalignment with the C-9’s roll, pitch, and yaw motions
could explain the noted initial induced rates.
Despite difficulties, PSC was able to collect enough data
(Figure 7 and Figure 8) to develop rudimentary linear
ejection profiles. Since the angular rate data covered a
wide range, PSC decided it would be simplest to
characterize induced angular rotation during deployment
by selecting the worst-case angular rate seen on any axis,
around 10o/s2,8. Given the findings from the first flight,
more flight opportunities would be required to attain the
amount of desired data. However, with a price of
$400K+ per flight, this would prove difficult from a
budget perspective1.
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Figure 8: 6U Separation Results2
NASA and the CSD
NASA has selected the CSD to deploy the 13 secondary
payload CubeSats for the maiden flight of the Space
Launch System, Exploration Mission 1 (EM-1)8. The
SLS Spacecraft and Payload Integration Office is
managing the integration of 13 CubeSats from
government, international partners, as well as payloads
from academia and independent missions that will be
selected in a series of ground tournaments.
3
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The CSDs will be attached via an angled (56o) bracket to
SLS’ Multi-Purpose Crew Vehicle (MPCV) Stage
Adaptor (MSA), which will allow the each CSD to eject
its respective payload through the Orion Stage Adaptor,
as shown below in Figure 911.

Another notable concern item is that to simplify payload
development, NASA is recommending CubeSat
developers not use the standard contact feet and instead
only contact the push plate via the tabs on –Z face. This
avoids the risk of uneven feet contact, as the tabs are at a
set length, and reduces potential push plate deflection.
NASA developed a prototype in which the tabs are
extended to protrude on the –Z face, providing a full
contact bar.

Figure 11: NASA Experimental CSD Test Mass with
Tab Bar11
Figure 9: CSD Interface with SLS11

This design simplification unfortunately risks having an
increased moment along the horizontal axis during
ejection. Unless the center of mass is close to the base
plate of a CubeSat payload, the applied force will
definitely be offset from the center of mass, which results
in a significant moment being induced (assuming the
center of mass is within the 80 mm x 60 mm window
around the geometric center per PSC’s 6U payload
spec)5. A benefit of this this setup is that it does reduce
moments along the vertical axis, and allows mission
planners to focus primarily on managing one induced
moment upon deployment.

To ensure the safety of the SLS and secondary payloads,
NASA is requiring each CubeSat payload have a 4ft
(1.219m) clearance zone during ejection. A potential
concern is that during ejection each payload’s clearance
“bubble” has only ~2.5ft (0.762m) clearance between it
and the lip of the vehicle upon passing through the Orion
Stage Adaptor (Figure 10)11.

SUBSEQUENT AFIT RESEARCH
Due to the general characterization of payload motion
during ejection and the use of the CSD for EM-1,
researchers at the Air Force Institute of Technology
(AFIT) deemed it necessary to further investigate the
properties of the CSD to better understand what is
involved during CSD deployment12.
Figure 10: Payload “Bubble” Clearance Zone11
Static Experiments on the CSD Push Plate
A risk of the CSD configuration on the SLS is that
excessive CubeSat tumbling will increase the risk of
impact with the vehicle and could result in collateral
damage. This raises a need to refine further the mapping
of the CSD’s ejection profile. According to NASA’s
Secondary Payload team, a better understanding the
CSD’s deployment properties would aid payload
developers with hardware design and attitude control
system mission planning11.
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The first objective was to create a preliminary 6/12U (6U
and 12U CSDs use the same spring configurations) push
plate force profile, and verify constant force spring
performance, Using a spring push/pull gauge, guide rod,
and a guiding channel bolted to the CSD, three static
force readings were gathered at 10 evenly spaced push
plate depression depths. Three readings were taken at
depth in order to reduce hardware wear. Average
readings per depth (with 1-σ error bars) are shown in
Figure 12.
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Figure 12. Average Force Readings per Depth
Figure 13. Force Reading Spread
However, given the small amount of measurements, the
confidence level would have to be quite large in order to
be certain that the actual mean push plate force lies
within the interval (typically 95%). Given that the small
collection of measurements (under 30 samples) at each
depth cannot with certainty be labeled as normal in
distribution, Student’s t-Test was used to describe the
data and adjust the curve distribution based on number
of samples13. Less data points yields a broader
distribution curve due to higher uncertainty, while more
data points narrows the curve by lowering the
uncertainty.
μ = x̅ ± tα/2

σ

√n

Furthermore, when analyzing the data with the Shapiro
Wilkes test for 95% confidence normalcy, the data can
be assumed to be normal because the p-value is less than
0.05. The average static push plate force measured was
at 4.42 lbs (19.661 N) with a 1-σ standard deviation of
0.17 lbs (0.776 N), well within PSC’s CSD specs (15.6–
46.7 N)2.

(1)

where μ ≡ actual population mean; x̅ ≡ sample mean;
tα/2 ≡ t statistic; σ ≡ sample standard deviation; and
n ≡ sample size.
Figure 14: CSD with Static Force Reading
Apparatus

Using the t-Test, the confidence interval is shown to be
quite large (±2.484σ from the sample mean) when
analyzing each triple measurement at each individual
increment. If all 30 force readings are analyzed as a
whole, this tightens the confidence interval down to
±1.050σ from the sample mean. Using the ShapiroWilks method to assess normalcy, the distribution
analysis yields a test statistic of W = 0.9364, and a Pvalue of 0.0729. Since the test statistic is close to one,
and the P-value satisfies the significance level criterion
of being less than α = 0.05 (corresponding to 95%
confidence), it can be assumed that the data collected, as
shown in Figure 13, is normal.
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Initial CSD Push Plate Ejection Experiments
The next step was to find preliminary measurements of
the CSD linear deployment velocity. To do this, a
CubeSat base plate of 0.59 kg along with an attached
accelerometer was ejected six times from a 12U CSD.
(Again, this is also valid for the 6U since the 6U and 12U
CSDs have identical spring configurations.) From
analyzing accelerometer data, it was determined to that
the average linear deployment acceleration is 13.3853
m/s2, with a standard deviation of 4.9503 m/s2. Applying
Newton’s Second Law, this translates to an average
dynamic push plate force of 7.8963 N. Velocity was
found by integrating the accelerometer once, which had
a root mean square (RMS) error between the predicted
velocity from the analytical model of 0.2900 m/s. A
second integration of the data yielded linear
5
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displacement, with an RMS error for displacement was
even better at 0.0096 m when comparing the model
prediction and the integrated displacement values.
Subsequent CSD Push Plate Ejection Experiments
It was identified that in order to completely log ejection
data, a gyroscopic data logger would be needed in
addition to an accelerometer data logger in order to
collect rotation data. The logical solution was to select
an inertial measurement unit (IMU), as it has both of
these capabilities. Moreover, lessons learned from PSC’s
experiments discovered a need that the IMU gyroscopic
error had to be less than 0.25o/s per axis. After
scrutinizing various standalone plug-and-play IMUs, XIo Technologies’ Next Generation IMU (NGIMU) was
selected for its accuracy of 0.0904o/s/axis (RMS)14.

Figure 16: NGIMU Y Axis Linear Velocity: Model
Prediction vs. Measured Data

IMU

Base Plate

Figure 15: NGIMU in Bracket Attached to Chassis
Base Plate (w/ IMU Coordinate System)

Figure 17: NGIMU Y Axis Linear Displacement:
Model Prediction vs. Measured Data

Using a 6U CSD (instead of a 12U, since EM-1 is using
the 6U), the new IMU, as well as hard anodizing the base
plate (as PSC specifications warrant at a minimum the
tabs be anodized), the ejection tests were repeated six
times. From this data, an average acceleration was seen
at 9.1503 m/s2, with a standard deviation of 20.8535
m/s2. From this was an average deployment force of
6.3713 N. Comparing the velocity profile of the
integrated data and the model’s predictions, the RMS
error was 0.4831 m/s. The RMS error of displacement
was calculated to be 0.0428 m. There were sporadic
oscillations in velocity and the gap growth between
predicted and integrated data, which implied deployment
interference.
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It was suspected that the CSD door was interfering with
deployment, so the test was repeated five times by not
closing the door, inserting the base plate and holding it
by hand, and releasing the plate via removal of the
restraining hand. This yielded superior results (seen in
Figure 19 and Figure 20), with RMS errors of 0.1535 m/s
for velocity, and 0.0139 m for displacement. These are
68.2261% and 67.5234% reductions in error,
respectively. The corresponding gyroscopic data also
indicated the locations on when and where tipoff
moments were applied to the payload (after 0.3194 m of
the payload travelled within the CSD), as well as when
the payload left the constraint of the CSD guide rail (after
0.3378 m of travel).
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Figure 18: NGIMU Accelerometer Readout for Base
Plate Deployment (No Door)

Figure 21: NGIMU Angular Rates (No Door)
CSD Guide Rail Friction
As a payload is travels out of the CSD, it will most likely
contact the top and bottom surfaces of the guide rail (i.e.
the top clamp and bearings, as seen in Figure 5), the
surfaces needed characterization, specifically measuring
kinetic friction profiles. For this research, the goal was
to identify kinetic friction that a deploying CubeSat
experiences over distance travelled. Static friction was
not considered since it was assumed that static friction
would be nearly-instantaneously overcome by the force
of the push plate. Even though the bottom of the CSD
rails consist of many roller bearings, it was assumed that
these rails would behave like a surface during ejection,
so these were characterized as experiencing standard
Coulomb Friction. The top of the rails are flat, so
Coulomb Friction definitely applies. Three methods
were used to determine kinetic friction on an unknown
surface: impulse-deceleration, incline angle, and
suspended mass. Each method was conducted three
times in order to avoid excessive surface wear on the
CSD rails, especially since these tests are iterative and
require many trials just to find the conditions required
for calculation of the coefficient of kinetic friction.

Figure 19: NGIMU Linear Velocity: Model
Prediction vs. Measured Data (No Door)

Figure 22. CSD Attached to Tilting Apparatus with
Inclinometer

Figure 20: NGIMU Linear Displacement: Model
Prediction vs. Measured Data (No Door)

Measuring friction via incline angle was accomplished
by placing the CSD (with inserted base plate/chassis)
on incremental inclines. At each increment, the
chassis/base plate was gently nudged to try to get it to
move (thus overcoming static friction). When the
Tullino
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plate/chassis slows to a stop, then kinetic friction
overcomes the force of gravity15. This was repeated
until an angle is found where the chassis/plate moved
down the incline at a constant rate. This angle was used
to determine the coefficient of kinetic friction due to the
relationship between the force of friction and the
gravity force down the incline.
Fincline =mgsinθ

(2)

Ff =μk mgcosθ

(3)

Since the force of gravity over the incline must
overcome the force of friction, the break-even
coefficient of friction is found by setting the two forces
together, and solving for µk.
μk =tanθ

Figure 24: Top of Rail Coefficients of Kinetic
Friction Distribution (Inclination Method)

(4)

Figure 23: Incline Method16
Using the custom-built apparatus with an inclinometer
as shown in Figure 22, coefficients of friction were
found for both the top and bottom parts of the rail. The
average coefficient of kinetic friction found for the top
of the rail was 0.7313, with a standard deviation of
0.1310. Normalcy of the top of the rail readings via the
Shapiro-Wilks test using the same α=0.05 were: W =
0.8770, with a P-value of 0.1459. Thus, it can be
concluded from the test to assume the distribution is
normal. Further analysis of the data distribution (Figure
24) confirms normalcy, even though there is a spread
corresponding with the standard deviation. The average
coefficient of kinetic friction for the bottom of the rail
was 0.0065, with a standard deviation of 0.0027. The
Shapiro-Wilks test yielded W=0.7575, and a P-value of
0.0066, thus the null hypothesis is rejected. Figure 25
confirms this as well when analyzing distribution.
Despite this, the coefficient of kinetic friction values
was quite small, specifically in the thousandths.
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Figure 25: Bottom of Rail Coefficients of Kinetic
Friction Distribution (Inclination Method)

Figure 26: Suspended Mass Apparatus (In Rail Top
Testing Configuration
Measuring friction using a suspended mass involves
attaching a suspended mass to the base plate (while the
plate is in the CSD)17. At each mass increment, the base
plate was gently nudged to try to get it into motion
(thus overcoming static friction). If the plate slowed to
a stop, then kinetic friction overcame gravitational
force. This experiment was repeated until a weight is
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found where the chassis/plate moves horizontally at a
constant speed. It is this mass that determines the
coefficient of kinetic friction, due to the direct force
gravity imparts on the mass, and that the pulley
converts the force into a horizontal force.

Figure 27: Suspended Mass Method

Figure 28: Top of Rail Coefficients of Kinetic
Friction Distribution (Suspended Mass Method)

16

Ff =μk m1 g

(4)

Fs =m2 g

(5)

Using the definition of Coulomb friction, the coefficient
of friction was calculated by equating it to the
horizontal force.
μk =

m2
m1

(6)

Figure 28 displays the top rail results, and Figure 29
displays the bottom rail results. The average kinetic
coefficient of friction from this method for the top of
the rail was 0.7028, with a standard deviation of
0.0089. The Shapiro-Wilks test concluded that the
distribution yields a W = 0.7672, with a P-value of
0.005. From these results, the distribution was not
normal, and the null hypothesis should have nominally
been rejected. Upon further analysis (as seen in Figure
28), shows that even though the data is indeed not
normal, most of the readings (8 out of 12) are highly
concentrated around ~0.72. From this analysis,
confidence in the null hypothesis was established and
was subsequently accepted. This method yielded an
average kinetic coefficient for the bottom of the rail of
0.0076, with a standard deviation of 0.0042. The
Shapiro-Wilks test concluded that the distribution
yields a W = 0.7575, with a P-value of 0.0066. Again,
the distribution was not normal, and the null hypothesis
should have nominally been rejected. Analysis of the
distribution in Figure 29 confirmed this. Despite this,
the coefficient of kinetic friction values were in the
thousandths, and quite small.
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Figure 29: Bottom of Rail Coefficients of Kinetic
Friction Distribution (Suspended Mass Method)
The impulse-deceleration method works where an
instantaneous force is applied to an object that is large
enough to make it travel across a surface18. Using an
accelerometer, deceleration experienced can be
measured. Given a known average deceleration over a
period of time and object mass, the Newton’s Second
Law allows the force of friction to be calculated:
𝐹𝑓 = 𝑚𝑎𝑑𝑒𝑐𝑒𝑙

(7)

Using the Coulomb Friction equation, we can then
estimate the coefficient of kinetic friction, μ k
𝐹𝑓 = 𝜇𝑘 𝐹𝑁 = 𝜇𝑘 𝑚𝑔

(8)

Three scenarios were explored with this method: base
plate only (696.3 g), a base plate with one mass stack
added to it (2427.1 g), two mass stacks added to the
plate (4156.6 g), and two heavy mass stacks added to
9
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the plate (4470.0 g). Each scenario was repeated 12
times due to the possibility of encountering
considerable noise during impulse runs. A data cutoff
criterion of under 3σ was used to determine when to
consider sampling data for analysis after the initial
impulse. During analyses, it was noted that a quarter of
the impulses were drowned out by a considerable
amount of noise created by the test, and thus made the
data unusable. The rest of the data was consistent in
appearance, so to be concise, individual examples will
be discussed.

Figure 31: Friction Impulse Test: Top Rail with
Base Plate Only
The bottom side of the CSD rail was less accurate in
readings because of the low surface friction of the roller
bearings. This can be shown from the example of the
base plate only case, where one can see the low slope at
which the object decelerates. (See Figure 32 below.)
Luckily, the bottom of the rail series exhibited
consistent results as shown in Figure 32. The average
deceleration experienced in this series was 0.005475
m/s2 with an overall standard deviation of the set of
0.0010904, yielding an average kinetic friction
coefficient of 0.006871. Because there were only two
possible data points for the top of the rail and three data
points for the rail bottom, a histogram and analyzing the
data via the Shapiro-Wilks test are not necessary.

Figure 30: Noisy Raw Accelerometer Data from
Impulse-Deceleration Test
The first example was from the base plate only case
sliding upon the top of the CSD rail, as shown in Figure
31. Once the initial impulse had run its course, the
acceleration jumped to the opposite direction,
indicating an opposing acceleration (i.e. deceleration
due to friction). Once the data consistently stayed above
the 3σ mark for at least three data points, the average of
the acceleration slope was taken from the designated
starting point, until when acceleration in the opposite
direction takes over and brings motion towards rest.
This method being used on the top rail was only
successful for the base plate only and single mass stack
configurations because the amount of force required to
cause an impulse for the heavier configurations would
result in significant noise interfering with signal
accuracy. For this case, the average deceleration is
5.5975 m/s2, with a standard deviation of 3.8261,
yielding a kinetic friction coefficient of 0.5708 by
dividing the deceleration by g (9.806 m/s2).

Figure 32: Friction Impulse Test: Bottom Rail with
Base Plate Only
Looking at the entire collection of friction coefficient
values found in the three different methods, a better
idea the friction profiles become known. Recalling
Student’s t-Test, since each method of friction
measurement was repeated only three times (to avoid
excessive wear,) the confidence interval of the data is

Tullino
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large compared to a set of data that has more data
points. To narrow the confidence interval, values
collected from all three methods were evaluated
together as one whole set, as seen for the top of the
guide rail in Figure 33 and for the bottom in Figure 34.
For the top of the rail, the Shapiro-Wilks test yielded a
W = 0.8770, and a P-value of 0.1459. With these, the
null hypothesis is acceptable, and the distribution can
be assumed to be normal. With this, the average
coefficient of kinetic friction of the entire set for the top
of the rail is 0.7158, with a standard deviation of
0.0866.
For the bottom of the rail, the Shapiro-Wilks test
yielded a W = 0.7703, and a P-value of 0.0002. From
these results, the null hypothesis is rejected by the test,
and the distribution cannot be assumed to be normal.
Figure 34 confirms this, however when looking at the
data closer, one will notice that the measured
coefficients of kinetic friction for the bottom of the rail
are considerably small. In other words, even though
there may be a large standard deviation, all the values
are in the thousandths. If one were to neglect the
numbers for the base plate only (which deviated
significantly from the rest of measured values as seen
previously), the distribution would have a W =0.9297,
with a P-value of 0.1708. In this case, the null
hypothesis could be accepted, and the distribution
would be considered normal. With this consideration,
the average coefficient of kinetic friction of the entire
set for the bottom of the rail is 0.0047, with a standard
deviation of 0.00005844.

Figure 33: Kinetic Friction Distribution for Top Rail

Figure 34: Kinetic Friction Distribution for Top Rail

Evaluating the three methods against each other, the
suspended mass method was the most accurate because
it was the simplest and easiest to control methodically.
The incline method performed almost as well as the
suspended mass, however it was easy to induce an error
in reading the inclinometer, as such, and a device was
very sensitive to disturbances in angles. When the tilt
plate was not held steady enough (the tilt plate can
flex), the readings would skew. In fact, this experiment
had to be redone because of this phenomenon. Finally,
the impulse method was the least accurate, as the mean
acceleration profiles had the largest standard deviations,
and in fact at times had standard deviations that were
larger mean acceleration itself. In other words, while
deceleration occurred, the standard deviation implied
that positive acceleration could also occur. An example
would be a deceleration of 0.05797 m/s2, with a
standard deviation of 0.6522.
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Door Interference
From analyzing data collected from preliminary
horizontal deployments of the base plate with the
NGIMU (see Figure 35), a high-speed camera needed to
be used to provide additional insight into the causes of
the variable accelerations measured. From this data, one
can see perturbations in the velocity profile in Figure 35,
where there are drops in velocity, and it was suspected
that this was caused by door oscillations, which both
contacts the payload bottom, and re-engages the locking
CSD clamps. Therefore, a high-speed camera was used
to visually analyze the deployment.
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accelerometers have an average sensitivity (+/- 15%) of
1.0mV/ (m/s2).

Figure 37: Locations of Accelerometers on CSD
Door (Circled)
Figure 35: NGIMU Y Axis Linear Velocity: Model
Prediction vs. Measured Data

The accelerometers were connected to a signal
conditioner, and then the data feed was inputted into a
Data Physics Abacus, which was connected to a laptop
running Data Physics’ SignalCalc Mobilyzer Fast
Fourier Transfer (FFT) data analysis software suite.
SignalCalc was set to read four AC differential (just in
case there is not common ground) input channels from
the accelerometers. The program was set at a frequency
span of 6.4 kHz with 51200 lines in order to get a 61.04
µs sampling time interval. This time interval is the
smallest SignalCalc can be set to in the time domain, and
this was done to best match the 20 µs camera exposure
in order to reduce any chance of misaligned data points.
If there were any missing data points from the
accelerometers, the camera data would be able to provide
a verification check to ensure reasonable data sampling.
Each test run was also set to 8 s in duration (even though
the high speed camera can only run for ~3.3 s due to
memory limitations) in order to have a reasonable
amount of buffer for human error. The SignalCalc also
was configured to send out a trigger signal to activate the
high speed camera simultaneously with data collection,
in attempt to synchronize both accelerometer and camera
data.

During configuration, a Phantom v1611 high-speed
camera was run collecting images at a rate of 10,000
frames/s, with an exposure of 20 µs. Analysis showed
that the door oscillated after the CSD was triggered and
contacted the bottom of the deploying base plate multiple
times.

Figure 36: CSD Door Striking Base Plate
Before this discovery, the only hint of door contact was
made in a footnote in the back of PSC’s payload spec
guide, where it suggests, “During ejection the door of the
CSD may bounce and contact the payload’s –Y face. To
prevent payload damage avoid placing sensitive
components on the –Y face near the +Z leading edge of
the payload. Ensure sensitive components do not
protrude. Utilize a structural protrusion or bumper to
help protect sensitive components2.”
In response to this, further analysis was needed to
measure the amount of force the door impacted on an
ejecting payload. To do this, the CSD was placed in a
vertical position where it deploys upwards in order to
attempt minimize the effects of gravity creating extra
different moment on the door, and bolted to a flat plate
attached to a lab bench. Four PCB Piezotronics 352C22
single-direction accelerometers were placed on each
corner of the door, as shown in Figure 37. These

Tullino

Figure 38: Camera Setup with Lights and
Photography Linen
The camera was centered on a reference point of the open
door (Figure 38), a white photography linen was placed
behind the CSD, and two lights were shining on it. This
12
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method (known as the infinity setup) illuminates the
background of the photograph target to highlight its
features with sharp contrasts. The bright homogenous
backdrop allows the camera to focus less on light
positioning, and more on the photograph target19, 20. Two
additional lights were placed at each side of the camera
shining onto the CSD door in order to produce a picture
as shown in.

Figure 40: Phantom Camera Control GUI (Focus
Point Circled)

Figure 39: Door Accelerometer Readout Example
(Top Right Quadrant Location)
Five of the door tests were conducted, and all had the
same characteristic profiles of vibrations, as shown in
Figure 39. Even though the high accelerations are
feasible, they did not synchronize well with the highspeed camera. Specifically, it took ~1 ms to reach the
first peak in the accelerometer data, yet it took ~50 ms
for the door to open according to the high-speed camera
data. The video was further analyzed to see if the first
transient was caused by the door release mechanism.
Moreover, when integrating the data to find velocity and
displacement, the data continued to grow exponentially
at impossible levels. It was coming across that
phenomenon that perhaps the error was caused by the
accelerometer’s gravity cancellation feature. Given the
issues with the accelerometer data, the motion of the
door was only analyzed via physical measurements taken
from the high-speed camera data. 85 points of data were
recorded based on the location of the black dot focal
point that was being used while recording, as seen in
Figure 40. The change in pixel location was used to
determine the angle of the door at that particular time
step (since high-speed camera time steps were constant
and determined by frame rate). The accuracy of this data
is within +/- one pixel. Collected data is presented as
angle versus time in Figure 41.

Tullino

Figure 41: Door Orientation During Ejection
Noting that this motion is that of an exponentially
decaying sinusoid, it was determined to describe the
nonlinear system linearly via Eq. 9.
𝜃 = |𝐴𝑒 −𝜁𝑡 cos(𝜔𝑡 + 𝜑) |

(9)

Via least squares method, two of Eq. 9 was fit to the
profile shown in Figure 41. This was done because the
motion of the door was characterized in by before it starts
hitting the payload (before the fourth peak in Figure 41)
and when it started hitting the payload at the fourth peak
and four times after that. With that:
𝜃0−0.2𝑠 = |93.5349𝑒 −10.0052𝑡 cos(36.5752𝑡)|

(10)

𝜃0.2−0.45 𝑠 = |60.9507𝑒 −7.8510𝑡 cos(81.4662𝑡
+ 𝜋⁄4)|

(11)

This Eq. 10 has 21 residual values, and a mean squared
error of 100.8871o. Equation 11 had 65 residual values,
and a mean squared error of 2.9529 o.
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Push Plate Feet contact Experimental Results
During ejection, the CSD applies a force onto the
CubeSat with a spring-loaded push plate through contact
points on the backside of the payload. PSC requires that
there be at least three contact points with the push plate
centered on the payload’s center of mass. A recent AFIT
test of the Pumpkin SUPERNOVA CubeSat inspired the
investigation of how important these feet are (see Figure
3). The CubeSat was placed in a 6U CSD for random
vibration testing. After the testing, uneven wear-marks
were noticed on the CSD push plate. This infers uneven
contact with the push plate. If there is an imbalance in
push plate feet contact, or the feet not centered on the
center of mass, a moment about the center of mass can
be induced5. To validate this concept, a 6U chassis was
3-D printed and reduced in mass in order to make it light
as possible (~0.5 kg), while maintaining a full chassis
shape.

Figure 42: Modeling of CSD Door Orientation from
0-0.2 s

Figure 45: Wear Marks from Vibe Test
Demonstrating Uneven Contact21

Figure 43: Modeling of CSD Door Orientation from
0.2-0.45 s
Combining the two functions and comparing with the
original data yields Figure 44.
Figure 46: 3-D Printed 6U Chassis with Contact Feet

Since the push plate exerts an average of 7.89 N of force
during ejection, a payload lighter than 0.8 kg would be
needed in order for the acceleration due to the CSD
pusher plate in order to exceed the acceleration due to
gravity. This 3-D printed chassis was ejected upwards
vertically in order to prevent gravity from affecting
initial angular rates. The printed chassis had contact feet
attached to its backside in order to test the effects the feet
have on a deploying payload. These force distribution
tests tested a range of scenarios in order to develop a
profile characterizing the effects of uneven force
distribution being applied to the payload. The following

Figure 44: Full Modeling of CSD Door

Tullino
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configurations were considered, and were tested five
times:
1.
2.
3.
4.
5.

All 4 feet contact (ideal scenario)
3 feet full contact (4 possible scenarios)
2 feet full contact (4 possible scenarios)
1 foot full contact (4 possible scenarios)
Tabs contact only (similar to the NASA tab bar
configuration)

Due to its geometry and using the coordinate system in
Figure 47, the center of mass was centered on the Y-axis,
and X-axis, and slightly offset on the Z-axis (19.4mm
from the bottom of the base plate).
Figure 48: All Feet Contact Case Simulation
Prediction

Release
Figure 47: Diagram Demonstrating Force
Distribution in Model18
The primary moments of inertia about the center of
gravity were:
4808.55
[ 0
0

0
9624.29
0

0
] kg ∗ mm2
0
13168.57

When analyzing data, the criterion for indicating full
ejection was the instantaneous drop in acceleration
towards 3σ noise threshold, and averages of initial
angular rates were taken at these points. Initial rates only
were compared because of the small amount of time
between release and until gravity overcame chassis
motion. Finding these initial angular rates were intended
on indicating on where to tune the model.

Figure 49. All Feet Contact Case IMU Readout
Table 1: All Feet Contact Case Statistics
Average (o/s)
Standard
Deviation (o/s)

For the nominal all-four feet contact, the configuration
was predicted to have an initial angular rate only around
the X-axis at -11.05 o/s, as seen in Figure 48 due to the
center of mass offset. Sample data from one of the three
runs conducted with the ejected printed chassis set to the
4-feet configuration is shown below in Figure 49.
Statistics of these three runs were gathered in Table 1 for
the four-foot configuration. Upon comparing the three
runs with the predicted model, a large difference was
noticed in the error figures.

Y Axis
-3.8407
0.9467

Z Axis
-2.3472
3.3438

Table 2: All Feet Contact Case Measurements

Run 2

Run 1

Actual (o/s)

Run 3

Tullino

X Axis
-4.5786
1.2511
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X Axis
Y Axis
Z Axis
X Axis
Y Axis
Z Axis
X Axis
Y Axis
Z Axis

-4.3112
-2.9731
-6.2052
-5.9417
-3.6986
-0.7095
-3.4828
-4.8504
-0.1268

Error with
Model (o/s)
-6.7388
2.9731
6.2052
-5.1083
3.6986
0.7095
-7.5672
4.8504
0.1268
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For the three feet contact case, foot #1 (per Figure 47)
was disengaged. The model predicted initial rates of 4.631o/s on the X-axis, 0.07992 o/s on the Y-axis, and 4.683o/s on the Z-axis. Table 3 describes the averages
and standard deviations of the three three-foot chassis
deployments. Significant errors were found when data
from all three IMU runs were compared with the original
model prediction as presented in Table 4.

For the single-foot contact, only foot #1 (per Figure 47)
engaged the push plate. The model predicted initial rates
of -30.31o/s on the X-axis, -1.57o/s on the Y-axis, and
14.07o/s on the Z-axis. Table 7 shows the case statistics
based on measured. Moreover, comparing with collected
and predicted data found in Table 8 yielded the worst
deviation noted of all cases (-51.141 o/s).
Table 7: One Foot Contact Case Statistics

Table 3: Three Feet Contact Case Statistics
Average (o/s)
Standard Deviation (o/s)

X Axis
6.5196
4.1396

Y Axis
-11.6256
1.5148

Z Axis
-2.9458
2.6440

Average (o/s)
Standard Deviation (o/s)

Run 1

Actual (o/s)

Run 2

6.9214
-10.2094
-5.9874
10.4436
-11.4447
-1.6531
2.1937
-13.2228
-1.1969

Error with
Model (o/s)
-11.5524
10.2893
1.3044
-15.0746
11.5246
-3.0299
-6.8247
13.3027
-3.4861

Run 3

Run 1
Run 2
Run 3

X Axis
Y Axis
Z Axis
X Axis
Y Axis
Z Axis
X Axis
Y Axis
Z Axis

For the two feet contact case, foot #2 and #4 (per Figure
47) were disengaged. The model predicted initial rates of
-11.05o/s on the X-axis, -0.5721 o/s on the Y-axis, and
14.06o/s on the Z-axis. Statistics were once again
analyzed and presented below in Table 5 to describe the
averages and standard deviations of the three three-foot
chassis deployments. When comparing the theoretical
data with the collected data in Table 6, the trend of
significant error seemed to continue.

X Axis
3.6588
1.7333

Y Axis
-5.5860
1.9749

Z Axis
5.9675
2.0462

X Axis
Y Axis
Z Axis
X Axis
Y Axis
Z Axis
X Axis
Y Axis
Z Axis

-5.4832
-6.6979
3.976
-2.7501
-11.6256
8.0643
-4.2403
-11.134
5.8621

Error with
Model (o/s)
-51.6775
3.5477
16.4779
-51.141
1.5295
15.7276
-50.2666
-4.3821
15.4939

Finally, the case of only the tabs engaging the push plate
was analyzed. NASA was suggesting this configuration
for EM-1 CubeSats. The model predicted initial rates of
11.05o/s on the X-axis, 0o/s on the Y-axis, and 0o/s on the
Z-axis. Despite good statistics seen in Table 9, Table 10
still shows that there is significant error.
Table 9: Tabs Only Contact Case Statistics
Average (o/s)
Standard
Deviation (o/s)

Table 5: Two Feet Contact Case Statistics
Average (o/s)
Standard Deviation (o/s)

Y Axis
-9.8192
2.7142

Table 8: One-Foot Contact Case

Table 4: Three Feet Contact Case
Actual (o/s)

X Axis
-4.1579
1.3684

Z Axis
4.9272
0.5327

X Axis
20.3938
0.618294169

Y Axis
-1.8017
4.121121891

Z Axis
-1.8298
0.514104688

Table 10: Tabs Only Contact Case
Table 6: Two Feet Contact Case

Run 3

Tullino

2.7602
-5.0546
5.3883
5.6569
-7.7722
4.3441
2.5593
-3.9312
5.0492

Run 1
Run 2

X Axis
Y Axis
Z Axis
X Axis
Y Axis
Z Axis
X Axis
Y Axis
Z Axis

Error with
Model (o/s)
-13.8102
4.4825
-19.4483
-16.7069
7.2001
-18.4041
2.5593
-3.9312
5.0492

Run 3

Run 2

Run 1

Actual (o/s)

Actual (o/s)
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X Axis
Y Axis
Z Axis
X Axis
Y Axis
Z Axis
X Axis
Y Axis
Z Axis

21.3675
-5.1177
-2.4079
20.831
-3.0995
-1.6576
19.9566
2.8121
-1.4239

Error with
Model (o/s)
-10.3175
5.1177
2.4079
-9.781
3.0995
1.6576
-8.9066
-2.8121
1.4239
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Bottom line, the model needs further tuning in to more
accurately reflect what the IMU is presenting, especially
since the IMU readings for each scenario were
reasonably consistent, and most of them had small
standard deviations. It is suspected that the model did not
account for perturbations in the push plate or the contact
feet, which could explain the deviation between
measured and predicted values. The model could have
also used estimated values while configuring scenarios.

plate force divided by the CubeSat mass. Payload
acceleration was applied throughout the entire measured
CSD internal rail length of 13.3 in (0.338 m). Through
integration over time integrals, velocity and
displacement was then calculated via integrating over the
set time intervals (see Eq. (15) and Eq. (16)). Once the
CubeSat payload traveled 0.338 m, the acceleration
ceased, thus signifying payload release.
t2

t1

A primary objective of this research was to develop a
computer model to simulate the CSD ejection of a
CubeSat. The first set of equations of motion was Euler’s
Equations of Motion (expressed in the body frame in Eq.
(12)).

bi
bi
bi
⃗⃗⃗ o =Ib ω
M
⃗ ̇ +ω
⃗ ×Ib ω
⃗

t2

t1

𝜔1
cosθ3 ⁄cosθ2
𝜔
-sinθ3
] [ 2]
cosθ3 sinθ2 ⁄cosθ2 𝜔3

sinθ3 ⁄cosθ2
cosθ3
sinθ3 sinθ2 ⁄cosθ2

x̅ =[q1 q2 q3 q4 ω1 ω2 ω3 ]

T

(16)

t1

This model factors in contact force distribution over four
contact points in order to estimate ejection moments
caused by any contact point variations. To model
moments induced by contact point distribution, the code
queries the user to define the contact feet positioning and
level of contact regarding the payload center of mass.

(12)

×
1 q +q4 1
̇q̅ = [
]
2 -qT

t2

dpayload = ∫ vpayload dt = ∬ apayload dt

These nonlinear, coupled, first order differential
equations establish a relationship between external
torques with angular velocities and accelerations. The
CubeSat’s motion is determined in the code via Euler’s
Equations (Eq. (12)), and it relates angular velocity to
orientation parameter derivatives using kinematic
equations in quaternion form (Eq. (13).) This is also
known as spacecraft attitude18. Another common way to
describe a spacecraft’s orientation is through Euler
Angles, and these angles are used to create a rotation
matrix (specifically for a 3-2-1 rotation) as seen in Eq.
(14), but this code uses quaternions instead in order to
avoid angle singularities prone to the rotation matrix.
Finally, the code defines the spacecraft’s state with both
these kinematic (quaternion) and kinetic equations, as
described in Eq. (11).

0
θ̇ = [0
1

(15)

vpayload = ∫ apayload dt

MATLAB Model

These moments are applied for a small amount of time at
the end of travel within the CSD (by originally setting
the code to apply at the last 0.5 in (0.013 m) of travel
through the CSD rails) because this is roughly where the
tabs are likely to no longer be constrained. This was
subsequently updated after results from the IMU
deployment tests (after 0.3194 m of the payload travelled
within the CSD). The linear rate calculation described in
Eq. (13) is also included. The model applies a constant
ejection force that constantly accelerates the payload
until it reaches the point when the instantaneous moment
is applied and is “ejected.” The model did not account
for any perturbations (e.g. jostling, friction, etc.).
The code allows the user to determine:

(13)

1.
2.

(8)

3.
4.

5.
(14)

Deploying a base plate, a 6U, or a 12U chassis
Use of standard geometric moment of inertia
matrix or user-defined principal moment of
inertia matrix
Contact feet configuration
Whether the simulation is to be done in gravity
or in micro-gravity (assuming horizontal
deployment orientation)
Spacecraft attitude information in 3-2-1 Body
Euler Angles, Quaternions, or neither.

The following outputs are provided:
The code also factored in linear equations of motion to
predict linear velocities and distances over time.
Assuming a constant force push plate, linear acceleration
was calculated using Newton’s Second Law, where the
push plate acceleration was derived from the given push
Tullino

1.
2.
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Optional Attitude information (in the body
frame with respect to the inertial frame)22
Linear displacement and velocity profile (in the
body frame)
31st Annual AIAA/USU
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3.
4.
5.

Angular rates (in the body frame)23
Angular momentum in both inertial and body
frames23
Timing information (time to applied moment,
release time, flight time within set period, time
from trigger to end).

Finding these force values will allow the CubeSat
community to be aware of any risks the oscillating door
may pose against payloads, as well as providing more
data for the MATLAB model to be tuned with. The
model will also incorporate the oscillation timing, where
door forces will only be applied at the correct times.

During initial tests, the model produced results
consistent with Euler’s Equation and was able to
simulate instantaneous moments. Figure 50 and Figure
51 describe an arbitrary scenario in which (using Figure
47 as a guide) F1 applies 10% of the push force, F2
applies 0%, F3 applies 70%, and F4 applies 20% to a
CubeSat with a set values for mass (~8 kg) and Moments
of Inertia (MOI). Overall, this surpassed PSC’s range of
expected angular rates2.

Further Tuning of the Model
The model is currently being tuned, using the data from
AFIT, especially incorporating friction into the code for
gravity deployment scenarios. As mentioned before,
door oscillation data will be incorporated as well to
better account for the door’s interference, as
demonstrated in the 6U IMU deployment tests, as well
as via high speed camera data. Finally, the applied
moment algorithm will be adjusted to better reflect
collected data from the feet contact experiments, since it
was noted that there were significant errors in the feet
contact experiments.
NASA Micro-Gravity Drop Tower Tests
From the experiments conducted at AFIT, deploying in
a lab environment with gravity makes CSD
characterization difficult, as the device is designed to
operate in microgravity. Some shortfalls of operating in
gravity include risking excessive wear on CSD surfaces,
gravity-induced moments on ejecting payloads, mass
restrictions (i.e. avoiding gravity overcoming large
masses), and oscillations/chattering during deployment
due to possible gravitationally induced moments in guide
rails. The two main microgravity inducing test
environments available in the United States are the C-9
“Vomit Comet,” and the drop towers at NASA Glenn
Research Center (GRC). Unfortunately, the C-9 is
expensive (~$400k/day)1. In addition, it is very difficult
to configure experiment due to pre-existing rotational
rates, as PSC encountered. Finally, this service is no
longer available due to budget cuts24. On the other hand,
NASA GRC’s drop towers are still operational and are
used frequently. Drop towers are governed by the
principle of literal freefall, where a test item is isolated
from external forces (i.e. air drag) via a vacuum
chamber, or a drag shield, and falls freely, thus creating
“weightless” conditions. NASA GRC has two drop
towers: a 5.18 and a 2.2 second (s) tower.

Figure 50: Deployment Model (Using Sample Force
Distributions)

Figure 51: Spacecraft Angular Rates
FUTURE WORK

The 5.18 s tower uses a 1.6 m long, 1 m diameter cylinder
experiment capsule. This tower utilizes a 143 m steel
vacuum chamber set to a pressure of 0.01 torr, which
removes most of the air. The experiment within the
capsule is hoisted to the top of the tower, and when
depressurization is complete, the experiment is able to
fall freely for 132m at an acceleration less than
0.00001g25. Three drops can be done per day, at about
$8000 per day sans permits and labor26.

Replication of Door Interference Test
Due to the inconclusive nature of the accelerometer data,
analysis of the door for the 6U CSD is currently under
analysis. High-speed video tests with accelerometers are
currently in work, and the new accelerometer data will
be compared with new camera data. The objective is that
once it is determined that accelerometer and camera data
are indeed synchronized, door force will be calculated.
Tullino
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[3]

[4]

[5]

Figure 52: Tower Rendition27
NASA GRC also has a 24 m (79 ft) 2.2 s drop tower,
which is a more affordable option (at about $2000 per
day without labor, etc.) for smaller experiments26.

[6]

[7]

The tower works by having an experiment sit within a
frame, which is then placed in a drag shield. Both the
drag shield and inner frame are suspended and
subsequently dropped. The drag shield protects the inner
experiment frame from air drag, thus allowing the
experimental frame to freefall and experience
microgravity. Since there is no vacuum chamber, up to
12 drops can be accomplished per day. Based on
calculations from the analytical model, the 2.2 s drop
tower is sufficient for CSD ejection experiments. The
CSD will be installed onto a custom inner frame. During
freefall, the CSD will eject a payload downwards into a
catcher bag, which is at the bottom of this custom frame.
The payload and catcher bag are lined with hook-andloop fasteners, which will arrest the payload’s motion
once deployment is complete.

[8]

[9]

[10]

During these drop-tower experiments, CubeSat payload
center of mass and push plate contact forces will be
adjusted to characterize how the payload geometry
affects its deployment. Collected data will provide the
necessary adjustments to further tune the model beyond
what can be done in an in-gravity lab environment to
provide a more accurate representation of deployment.

[11]

[12]
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